For 14 alternative climate futures, water yield and snow water equivalent (SWE) throughout the contiguous United States (CONUS) were projected over the twenty-first century using the Variable Infiltration Capacity model (VIC). The futures correspond to climate projections from seven CMIP5 models each forced by two representative concentration pathways for greenhouse gases (RCP4.5 and RCP8.5). With both RCPs, decreases in water yields are projected for roughly two-thirds of the CONUS, and in 60% of that area-mainly at more northern latitudes, where the greatest temperature increases are expected-this occurs despite projected increases in precipitation. The greatest relative decreases in yield are projected for the southern Great Plains and the Southwest, where temperature and precipitation changes combine to decrease yield. Snow accumulation is projected to decrease almost everywhere by the latter half of the century, with the time of peak SWE in some basins projected to occur up to 2 months earlier than it now does. These changes, should they come to pass, will challenge the adaptation capacity of future water management.
Introduction
Along with the increase in global mean temperature at Earth's surface over the twentieth century, the frequency of occurrence of storms, their spatial extents, and, most importantly, the mean and variance of storm precipitation intensity and duration have changed in many regions of the world (IPCC 2014; O'Gorman 2014) . These changes in precipitation have led in some instances to catastrophic flooding or drought (Arnell 1999; Mahat and Anderson 2013; Zheng et al. 2009 ), as well as to changes in streamflow hydrographs at all spatial and temporal scales. Some recent flooding and drought, causing billions of dollars in damage and numerous fatalities, have been attributed partially to climate change (Smith and Katz 2013) . As the climate changes, changes in timing and volume of snow accumulation and melt and streamflow pattern caused by it will impact water supplies. Indeed, failure of future water supplies is widely recognized as one of the greatest risks that humanity faces (World Economic Forum 2016) . Assessment of future water supplies as the climate changes is thus of primary importance.
Global climate models in phase 3 of the Coupled Model Intercomparison Project (CMIP3), used in the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC 2007) , provided the climate data for several hydrologic projections in the United States, including those for the upper Mississippi River basin (Jha et al. 2004) , the Missouri River basin (Stone et al. 2001) , the Columbia River basin (Hamlet and Lettenmaier 1999) , the Hubbard Brook Experimental Forest in New Hampshire (Campbell et al. 2011) , three major Western basins (Hidalgo et al. 2009) , and the contiguous United States (CONUS; Foti et al. 2012 Foti et al. , 2014 . Hydrologic assessments based on the newer projections of twenty-first century climate generated by models in phase 5 of the Coupled Model Intercomparison Project (CMIP5; Sillmann et al. 2013; Taylor et al. 2012) , used in the IPCC's Fifth Assessment Report (AR5), are as yet less common. Sheffield et al. (2013a) reported improved representation of the mean and variance of precipitation and temperature with CMIP5 as compared to CMIP3; thus, CMIP5 projections should offer an improved basis for water supply assessments. See Sheffield et al. (2013a,b) and Sillmann et al. (2013) for an evaluation of the ability of CMIP5 models to replicate the observed variability of North American continental and regional climates.
Fine-resolution, in both time and space, data are needed for simulating the effects of climate change on snow and water yield (water yield, as used herein, is the total natural outflow from a basin excluding inflow from upstream basins; Oubeidillah et al. 2014) . Maurer et al. (2002) developed a hydrometeorological dataset for the period 1950-2000 that also included key surface characteristics such as soil properties, land class, vegetation properties, and elevation to be used for hydrological simulation with a grid size of 1 /88 latitude/longitude (;12 km 3 12 km) for the CONUS. Livneh et al. (2013) extended that dataset to the period 1915-2011 with a grid size of 1 /168 latitude/longitude. Several other studies (e.g., Duan et al. 2006; Livneh and Lettenmaier 2013; Lohmann et al. 2004; Newman et al. 2015; Oubeidillah et al. 2014 ; Thornton et al. 2014; Xia et al. 2012 ) have also produced large hydrometeorological datasets that can be used for hydrological studies of the CONUS.
With the increasing availability of high-resolution hydrometeorological data and computing resources, hydrological studies for the CONUS at high spatial and temporal resolutions have become more realistic (Newman et al. 2015) . Further, statistically downscaled and bias-corrected output from CMIP5 global climate models (GCMs) are now readily available (Sillmann et al. 2013 ). Several CMIP5-based studies (e.g., Kumar et al. 2013; Rupp et al. 2013; Villarini et al. 2013 ) have examined projected changes in air temperature, rainfall, and snowfall for different parts of the United States. However, very few studies [Naz et al. (2016) is an exception] have examined projected changes in hydrological behavior [i.e., in water yield or snow water equivalent (SWE)] of the CONUS utilizing highresolution ( 1 /88 3 1 /88) model parameters and CMIP5 output. Naz et al. (2016) investigated the impacts of climate change on water availability in the CONUS up to year 2050 using dynamically downscaled climate data.
IPCC AR5 presented four new emission scenarios called representative concentration pathways (RCPs). These RCPs are defined most importantly by their total radiative forcing, estimated as a function of greenhouse gas emissions from all sources (Moss et al. 2008 (Moss et al. , 2010 van Vuuren et al. 2011) . The four RCPs are RCP8.5 (rising radiative forcing pathway leading to 8.5 W m 22 in 2100), RCP6.0 (stabilization without overshoot pathway to 6 W m 22 at stabilization in 2150), RCP4.5 (stabilization without overshoot pathway to 4.5 W m 22 at stabilization in 2150), and RCP2.6 (peak in radiative forcing at 2.6 W m 22 around 2040 and then decline; van Vuuren et al. 2011) .
In this study, we evaluate the effects of projected climate variability and change on water yield and SWE across the CONUS using CMIP5 projections as input to a high-resolution spatially distributed hydrological model. Although several CMIP5 GCM projections are available for all four RCPs, we focus on RCP4.5 and RCP8.5 (RCP2.6 is probably an unrealistic future and RCP6.0 is in between RCP4.5 and RCP8.5). Our objective is to assess the impacts of projected changes in precipitation and temperature on water yields and SWE in the CONUS over the twenty-first century (from year 2011 to year 2100) using this newer set of climatic forcing projections. Having used consistent methodology over the entire study area, the results can be used to examine the relative vulnerabilities of basins throughout the CONUS to climate change and provide a basis for exploring adaptation options for responding to altered water yield and snow conditions.
Here, we report briefly on the projected changes in precipitation and temperature, relative to the recent CONUS climate, as represented in the projections of seven CMIP5 GCMs (see Table 1 ), each forced by the two selected RCPs. We then simulate future water yield and SWE for the 98 assessment subregions (ASRs; Fig. 1 ) of the CONUS using the Variable Infiltration Capacity model (VIC). ASRs are subdivisions of the 18 water resource regions (WRRs) of the CONUS, were first delineated by the U.S. Water Resources Council (1978) , and have been used in two recent assessments of climate change and U.S. water supply (Blanc et al. 2014; Foti et al. 2014) . Projected water yields and SWE under the 14 alternative climates (seven GCMs times two RCPs) are compared to recent water yields and SWE to assess the impacts of projected future climate on hydrologic response. In addition, we examine the sensitivity of water yield and SWE to the changes in precipitation and temperature and briefly discuss projected changes in evapotranspiration.
Methods
a. Climatic forcings and hydrological modeling of past conditions VIC (Cherkauer et al. 2003; Liang et al. 1994 Liang et al. , 1996 Nijssen et al. 1997; Wood et al. 1992 ) is a semidistributed, macroscale, grid-based hydrological model that solves the vertical energy and water balances at the land surface in each grid cell. The model allows for subgrid-scale heterogeneity of land surface properties (e.g., vegetation class and soil type), fluxes (e.g., evaporation and runoff), and storages (e.g., soil moisture and SWE). Vegetation characteristics are assigned for each vegetation class, including leaf area index, albedo, stomatal resistance, roughness length, relative fraction of roots in each soil layer, and zero-plane displacement length.
VIC considers three soil layers. Surface runoff is generated from the upper two soil layers using a variable infiltration curve considering both infiltration excess and saturation excess, and base flow is produced from the bottom layer as a piecewise linear/nonlinear function of soil moisture depending on soil moisture fraction in the layer. Total runoff (i.e., yield Q) is simulated as the superposition of surface runoff and base flow. The model uses gridded daily precipitation P, maximum temperature T max , minimum temperature T min , and wind speed, along with gridded land surface and soil data, to simulate daily soil moisture, base flow, surface runoff, and SWE among other fluxes and storages. VIC has been successfully applied to many basins in the United States, including California's Central Valley (Brekke et al. 2008; Cayan et al. 2010 ), the Colorado River basin (Christensen and Lettenmaier 2007) , the Columbia River basin (Hamlet et al. 2010) , and several other basins in the United States (Maurer et al. 2002) and elsewhere (Lohmann et al. 1998) .
To establish an independent dataset for testing VIC, we estimated annual yields unaffected by human intervention for the 98 ASRs covering the CONUS for the period 1953-2005, which were developed from the following three data sources using methods outlined by Foti et al. (2012) [see also Foti et al. (2014) (Krug et al. 1989 ). Data of the 655 test basins were used to estimate annual water yields where possible; eight-digit basin data, supplemented by USBR estimates, were used where data from the test basins were not available. The test basins were preferred because they are relatively unaffected by human intervention, thereby avoiding the need for naturalized flow reconstruction. Hereafter, these estimated water yields are referred to as ''observed'' water yields.
We began with a version of VIC (version 4.1.2) that incorporates a calibration of a set of parameters related to topography, vegetation, soil, and snow at the 1 /88 3 1 /88 scale based on matching the aggregated daily water yields at the WRR scale ( Fig. 1 ; Maurer et al. 2002) . The Maurer et al. calibrated parameters and related water yields for the CONUS have been used in numerous hydrologic and climate change studies (e.g., Andreadis and Lettenmaier 2006; Cayan et al. 2008; Lohmann et al. 2004 ) without recalibration. Using that version of VIC, we estimated water yield for the period of 1950-2010, with climate forcings for the period of 1950-2000 obtained from Maurer et al. (2002;  http://www.hydro. washington.edu/Lettenmaier/Data/gridded/) and for the period 2001-10 obtained from Livneh et al. (2013) . VIC was configured to run in water balance mode. The model's routing capability was not used, as we were interested in water yield at the monthly and annual scales.
VIC-simulated daily results were aggregated to the annual time step and the ASR spatial scale. Comparison of the VIC-simulated annual water yields for the ASRs with the observed annual water yields over the 1953-2005 period revealed fairly strong correlations for most ASRs (i.e., correlations exceeded 0.8 for 57 of the 98 ASRs), but large biases (differences between the observed and simulated mean annual water yields) remained, so we further calibrated the model, focusing the recalibration on one parameter to which VIC-simulated yields are very sensitive, soil depth.
Our recalibration of the model significantly reduced the measured biases, although correlations were only slightly improved. The correlations of annual yields estimated using VIC versus the observed yields exceed 0.8 for 67 ASRs, range from 0.6 to 0.8 for 24 ASRs, range from 0.5 to 0.6 for five ASRs, and are below 0.5 for two ASRs (Fig. 2) . Biases range among the ASRs from 29 to 5 mm (Fig. 2) . RMSE values are below 10 mm for 85 ASRs, between 10 and 20 mm for 10 ASRs, and above 20 mm for three ASRs (Fig. 2) .
b. Climatic forcings and hydrological modeling of future conditions
To simulate future water yields and SWE across the CONUS, downscaled projections of daily precipitation, T max , and T min , for the period of 2011-2100, for the 14 CMIP5-based futures, produced using the bias correction and constructed analog (BCCA) method (version 2) washington.edu/Lettenmaier/Data/gridded/). The fine-resolution daily wind speed historical data were aggregated to the larger grid size of each climate model projection used in this study, and for each fine grid cell a fraction of fine-to coarse-resolution wind speed was calculated by dividing the long-term mean fine-resolution wind speed by the long-term mean wind speed of the corresponding aggregated coarse grid. This fraction was assumed to be the same for the historical and the future periods, and the fine-resolution wind speed, for a given GCM and RCP, was calculated by multiplying the historical fine-to coarse-resolution fraction by the corresponding coarse-resolution wind speed projection. All soil, vegetation, and snow-related parameters were assumed to be the same in past and future conditions.
Results
We summarize our results in three subsections describing the differences in 1) climatic forcing (temperature and precipitation), 2) hydrologic response (evapotranspiration, water yield, and SWE), and 3) hydrologic sensitivity to changes in temperature and precipitation, all between a ''reference'' 20-yr average centered at year 2000 (1991-2010) and four future 20-yr averages centered at years 2020 (2011-30), 2040 (2031-50), 2060 (2051-70), and 2080 (2071-90) . In describing changes over time, we generally focus on the change from the 2000 period to the 2080 period. By way of introduction, CONUS averages of climatic forcing and hydrologic response are briefly reported, followed by summaries of results for ASRs. To determine if the seven GCMs provide significantly different estimates of temperature and precipitation at the ASR level, and also if the seven resultant sets of projections of ASR water yield and SWE differ, we used a multiple range test, the Waller-Duncan k-ratio t test, while blocking on ASR to focus the test on differences among GCMs. The Waller-Duncan test compares the type I and type II error rates based on Bayesian principles (see Hochberg and Tamhane 2008) and was implemented using the ANOVA procedure of the Statistical Analysis System (SAS) software, version 9.4. For each of four key variables (temperature, precipitation, water yield, and SWE) we report which of the 21 different pairwise comparisons among the seven GCMs are significant at p 5 0.05 for the change from the 2000 period to the 2080 period.
a. Climatic changes
Projected changes in temperature and precipitation are described briefly here to provide context for the resulting hydrologic changes. See Kumar et al. (2013) , Rupp et al. (2013) , and Villarini et al. (2013) for further details on CMIP5 temperature and precipitation projections.
1) TEMPERATURE
For simplicity, we focus here on daily average temperatures T avg , the midpoint between T min and T max . When averaged across the CONUS, the 20-yr mean of the daily average temperatures (mean T avg ) is projected to increase from the 2000 period to the 2080 period by 2.88 and 4.98C with RCP4.5 and RCP8.5, respectively, based on multi-GCM averages (Table 2) . Across all future periods, the GFDL model projects the lowest CONUS increases in mean T avg , and for the 2060 period (not shown) and 2080 period the MIROC model projects the greatest CONUS increases in mean T avg .
The multiple range test results of the 2080 projections indicate that for RCP8.5, all of the 21 pairwise comparisons are significant (i.e., all seven GCMs project significantly different mean T avg levels from each other), and for RCP4.5 all but one (CSIRO-IPSL) of the 21 pairwise differences are significant (Table 3) .
Mean T avg is projected to increase in all ASRs. The greatest increases from the 2000 period to the 2080 period are expected in the northern and central Great Plains, in much of the Midwest, along the Great Lakes, and in northern New England (especially Maine; Fig. 3a ). The largest projected increases in mean T avg (multi-GCM average increases of 3.48C for RCP4.5 and 6.08C for RCP8.5) occur in ASR 901 (eastern North Dakota and western Minnesota), whereas the smallest projected increases (multi-GCM average increases of 1.28C for RCP4.5 and 2.78C for RCP8.5) occur in ASR 305 (southern Florida).
Not only are temperatures projected to increase, but from the 2000 period to the 2080 period, the variances of T avg (computed across the 240 mean monthly estimates of T avg ) are also projected to increase in most ASRs. For example, given RCP8.5, all seven models project that the variance in monthly mean T avg will increase in the large majority of ASRs (Table 4) . Decreases in variance are found only in the eastern half of the CONUS, most notably in WRRs 1 and 2.
2) PRECIPITATION
For the CONUS as a whole, mean annual precipitation is projected to eventually increase with most
of the 14 futures; mean annual precipitation in the 2060 period and 2080 period exceeds precipitation in the 2000 period in 10 and 11 futures, respectively. Averaging across GCMs, CONUS mean annual precipitation is projected to increase from 2000 to 2080 by 2.4 and 2.6 cm with RCP4.5 and RCP8.5, respectively (Table 2) , which represent increases of about 3%. In the later periods the IPSL model tends to project the lowest precipitation and the CAN model tends to project the highest precipitation; the CAN precipitation for 2080 given RCP8.5 clearly is exceptional ( Table 2) . As with temperature, the GCMs tend to differ in their projections of future precipitation. For the 2080 period, the multiple range tests indicate that with RCP4.5 all but three of the 21 pairwise differences are significant, whereas with RCP8.5 all but four are significant (Table 3) .
Based on multi-GCM averages, by 2080 precipitation is projected to increase over much of the CONUS, with the greatest increases in percentage terms expected in parts of the Northwest and Southeast (Fig. 3b ). By 2080 with RCP4.5, precipitation is projected to decrease in eastern parts of the Southwest (specifically in WRR 13), in the central and southern Great Plains (WRRs 11 and 12 and the southern portion of WRR 10), and in much of California (Fig. 3b) . With RCP8.5 precipitation A T indicates that the projections for T avg of the 2080 period from the two GCMs are significantly different, similarly with P for precipitation, Q for yield, and S for SWE pm . Tests for T avg , precipitation, and yield are based on estimates for all ASRs, but tests for SWE pm are based on estimates for the 40 more snow-dominated ASRs.
decreases are also projected for parts of the south (specifically in WRR 8 and western basins of WRR 3; . Or, to take just two examples, in ASR 705 with RCP8.5, mean annual precipitation is projected to decrease with three GCMs and increase with the other four (changes range across the models from 211 to 6 cm), and in ASR 1803 with RCP8.5, mean annual precipitation is projected to decrease with five GCMs and increase with the other two (changes range across the models from 215 to 20 cm). As with temperature, the variation in precipitation is projected to increase in most ASRs with most GCMs (Table 4 ). And as with T avg , the majority of ASRs where the variance in precipitation is projected to decrease are in WRRs 1 and 2.
b. Hydrologic changes

1) EVAPOTRANSPIRATION
Over long time spans, it is expected that change in storage of water in and above the ground is negligible and thus that yield (i.e., Q) ' precipitation (i.e., P) 2 evapotranspiration (ET). We confirmed this by computing change in storage, P 2 (Q 1 ET), as a mass balance error (MBE), for a selection of six futures. For example, for the 2080 future, mean MBE over the 98 ASRs ranged among the six futures from 20.31% (MIROC4.5) to 0.21% (BCC4.5) of P (maximum MBE ranged from 0.14% to 1.61% of P, and the minimum MBE ranged from 23.25% to 20.29% of P). Of course, over shorter time spans changes in storage may be much greater. Because our focus is on mean annual changes, we proceed with confidence that our estimates of Q are reasonably accurate.
With ET computed as P 2 Q, CONUS average annual ET is projected to increase from the 2000 period to the 2080 period with all 14 futures ( Table 2) .
Averaging across climate models, CONUS average annual ET is projected to increase from 2000 to 2080 by about 3.4 cm (;6%) with both RCP4.5 and RCP8.5 (Table 2) . However, the increase in CONUS-wide ET varies substantially among GCMs with both RCPs (Table 2) , as would be expected given the aforementioned differences in projected temperature and precipitation.
Based on multi-GCM averages, by the 2080 period ET is projected to increase over much of the CONUS, with the biggest increases in percentage terms expected in cooler and wetter parts of the country (the Northwest and Northeast), where precipitation also increases, and substantial increases occurring as well in the Southeast (Fig. 3c) . By 2080 ET is projected to decrease in areas where precipitation is also projected to decrease, especially the southern Great Plains.
2) WATER YIELD
For the CONUS as a whole, mean annual water yield is projected to decrease with most of the 14 futures. For example, from the 2000 period to the 2080 period, CONUS water yield is projected to decrease with climatic inputs from 13 of the 14 futures; the only increase is projected for the CAN8.5 future (Table 2) . Averaging across climate models, CONUS average annual yield is projected to decrease from 2000 to 2080 by about 1 cm (;4%) with both RCP4.5 and RCP8.5 (Table 2) . Ignoring the CAN8.5 future, with both RCPs the decrease ranges across the climate models from close to no change (projected with the MPI4.5 and GFDL8.5 futures) to a change of about 22.5 cm (projected with the IPSL model for both RCPs).
As would be expected given the prevalence of significant differences among GCMs in projections of temperature and precipitation, multiple range tests indicate that projections of water yield in the 2080 period tend to differ across GCMs. With RCP4.5, all but seven of the 21 differences are significant, whereas with RCP8.5, all but four of the differences are significant (Table 3) .
At the ASR scale, and averaging across results based on the seven GCMs, increases in mean annual yield from the 2000 period to the 2080 period are projected for about 30 ASRs with both RCP4.5 and RCP8.5, with remaining ASRs expecting decreases. For RCP4.5, increases in mean annual yield of at least 20% are projected to occur in three ASRs, and decreases of at least 20% are projected to occur in 14 ASRs (Table 5 , Fig. 3d ). Yield changes are more extreme with RCP8.5, for which increases of at least 20% are projected for 12 ASRs and decreases of at least 20% are projected for 22 ASRs. ASRs of high yield percentage increases are concentrated in WRRs 16-18, and ASRs of high yield percentage decreases are concentrated in WRRs 11-13 and 15 (Table 5 ).
The level of agreement about the direction of change in annual water yield varies by location. Figure 4 shows level of agreement about the direction of change in annual yield from the 2000 period to the 2080 period. We consider agreement to be ''high'' if at least six of the seven futures are in agreement about the direction of the change. With RCP4.5 and RCP8.5, agreement is high about yield decreases in 49 and 45 ASRs, respectively (thus in about 70% of the ASRs expecting decreases based on multi-GCM averages). The ASRs with these high levels of agreement about projected yield decreases are located largely in the Northeast, upper Midwest, southern Rocky Mountains, and southern Great Plains (Fig. 4) . High levels of agreement about increases are less common. With RCP4.5 and RCP8.5, agreement is high about yield increases in 7 and 16 ASRs, respectively (thus in roughly 40% of the ASRs expecting increases based on multi-GCM averages). These ASRs are located largely in the Pacific Northwest and Great Basin, and with RCP8.5 in the upper Missouri basin as well. Agreement tends to be low in the Southeast, the northern Rocky Mountain states, and in California. The discrepancies among the futures can be substantial; for example, the projected changes in mean annual yield for ASR 1801 given RCP8.5 range from 211.4 cm (MIROC) to 26.6 cm (CAN).
The variance of annual yield is projected to increase from the 2000 period to the 2080 period in about half of the ASRs (Table 4 ). Locations of increasing or decreasing variance in yield vary considerably among the 14 futures, and there is less agreement among the futures about the direction of the change in variance than there is about change in the mean. For example, regarding the change from the 2000 period to the 2080 period, agreement is ''high'' about variance decreases in 13 and 29 ASRs with RCP4.5 and RCP8.5, respectively (comparable numbers for variance increases are 16 and 26 ASRs, respectively).
The sources of increases or decreases in annual yield tend to be concentrated in certain months or seasons. We compare the 2000 period to the 2080 period by computing the occurrence of projected yield in a given month over the 20 years of the 2080 period being less than/greater than the minimum/maximum yield for that month over the 20 years of the 2000 period. Combining across projections based on the climatic inputs from all seven GCMs for RCP4.5 and RCP8.5 provides 7 3 20 5 140 opportunities per RCP for an estimate of yield in a given month of the 2080 period to exceed the 2000 period minima or maxima. As seen in Table 6 , which lists the number of ASRs for which the 2000 period extremes in yield are exceeded in the 2080 period on over 25% of the 140 opportunities, lower low yields are more common than higher high yields, with the new lows 
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concentrated in the summer months and new highs concentrated in the winter months. Also listed in Table 6 are comparable numbers for precipitation, showing that projected monthly precipitation generally stays within the bounds of the 2000 period. Exceedance during the 2080 period of the 2000 period monthly extremes in yield is more common with RCP8.5 than with RCP4.5, for both yield minima and maxima (Table 6 ). Figure 5 shows the incidence of exceedance by ASR for the months of greatest amount of exceedance, July for new lows and February for new highs. As seen, new July lows are projected to become quite common over much of the CONUS, with the most extreme changes ranging from southern Florida to the northern Pacific coastal region. New extreme February highs are projected to occur mostly across the northern tier, especially in the Pacific Northwest, New England, and the Great Lakes region. As will be seen in the next section, the new highs tend to occur where snowfall is projected to decrease the most.
3) SNOW WATER EQUIVALENT
Peak monthly SWE (hereafter SWE pm ) is the highest of the 12 monthly SWE values in a given year, where each monthly SWE value is the mean of the daily values for that month. For the CONUS as a whole, VICsimulated mean annual SWE pm is projected to increase in the short term (the 2020 period) but decrease in the longer term (the 2060 period and the 2080 period) with most of the 14 futures (Table 2 has the 2080 results). Averaging across climate models, CONUS mean SWE pm is projected to decrease from 2000 to 2080 by 7.2 mm (16%) with RCP4.5 and 18.3 mm (42%) with RCP8.5. Given RCP4.5, CONUS mean SWE pm is projected to decrease from the 2000 period to the 2080 period with climatic inputs from five of the seven GCMs, whereas given RCP8.5 decreases are expected with all seven GCMs (Table 2) .
Of particular interest are the ASRs that receive the most snow. We focus here on the 40 ASRs with a mean SWE pm in the 2000 period of at least 20 mm. Those ASRs, shown in Fig. 3e , are principally located in the Pacific Northwest, the upper Great Lakes region, and the Northeast, but also extend south into Northern California, the southern Rocky Mountains, and the midlatitude Appalachian Mountains. The 2000 period mean SWE pm of these 40 ASRs averages 101 mm with a median of 72 mm and a maximum (in ASR 1706) of 511 mm. Of those 40 ASRs, 14 (ASRs 1801 (ASRs , 1706 (ASRs , 1705 (ASRs , 1704 (ASRs , 1703 (ASRs , 1702 (ASRs , 1701 (ASRs , 1402 , mainly in the Northwest and Northeast, have a 2000 period mean SWE pm exceeding 100 mm. Multiple range tests indicate that with RCP4.5, all but three of the 21 pairwise differences are significant, whereas with RCP8.5 all but seven are significant (Table 3) . Figure 3e shows the multi-GCM changes in mean SWE pm that are projected to occur from the 2000 period to the 2080 period. Compared with the projected changes given RCP4.5, the climatic conditions of RCP8.5 are projected to result in fewer areas with mean SWE pm increases and generally larger decreases in mean SWE pm . Areas of projected increase are located in the Rocky Mountain states and, with RCP4.5, also in southern Oregon. The increases are nearly all below 5 mm. The areas of the greatest percentage decrease are scattered across the snow-dominated regions. For example, given RCP8.5, decreases of at least 60% are projected for 11 ASRs located along the West Coast, in the upper Great Lakes region, and in the Northeast. Regardless of RCP, the degree of projected change is highly variable across ASRs. Given RCP4.5, the changes range across the ASRs from 16% to 253%, and given RCP8.5, they range from 7% to 278% (Fig. 3e) .
The timing of peak snow accumulation is also projected to change. This is seen, for example, in the projections for the six ASRs shown in Fig. 6 . The figure shows for RCP8.5 that by the 2060 period the month of mean SWE pm occurs one month earlier than in the 2000 period for some ASRs with some GCMs, and that by the 2080 period the month of mean SWE pm occurs often 2 months earlier than in the 2000 period. The figure also shows substantial variation across ASRs in patterns of shift in the month of mean SWE pm , with ASR 1801 in California showing the greatest shifts and ASR 1402 in TABLE 6. Number of ASRs for which the projected monthly precipitation or yield in the 2080 period exceeds the min/max of monthly precipitation or yield of the 2000 period in at least 25% of the 140 opportunities, RCP4.5 and RCP8.5. Combining across the seven GCMs for a given RCP and across the 20 years of the 2080 period provides 140 measures of P and Q for a given ASR and month during the period. RCP4.5 RCP8.5 c. Hydrologic sensitivity
1) RESPONSE OF YIELD TO CHANGES IN TEMPERATURE AND PRECIPITATION
Comparing change in mean annual yield (DQ) to change in mean annual precipitation (DP) at the ASR scale, for changes from the 2000 period to the 2080 period, based on multimodel averages reveals that DQ is negative despite positive DP in about 40 ASRs with both RCP4.5 and RCP8.5 (Table 7 , Fig. 7 ). This occurs mainly in eastern ASRs (those of WRRs 1-9) and in portions of WRRs 10, 14, and 15 (Fig. 8) . Essentially, the precipitation increases in these ASRs are insufficient to compensate for the effect of temperature increases on evapotranspiration. Many of these ASRs are in the northern tier of the CONUS, where temperature increases are greatest. In roughly another 30 ASRs, mainly in the larger Northwest (WRRs 16 and 17 and upstream parts of WRR 10) but also in a few ASRs of the eastern states (Fig. 8) , both DQ and DP are positive. In these ASRs, the increase in P exceeds the increase in ET. In another 26 ASRs, concentrated in WRRs 11-13 and downstream parts of WRR 10, both DQ and DP are negative. Finally, in two California ASRs, which vary by RCP, DQ is positive despite a negative DP. These two unexpected cases occur because of differences in the variances of precipitation across the two time periods combined with the nonlinearity of the relationship of yield to precipitation. Some exceptionally high precipitation events during the 2080 period, producing unusually high yield-to-precipitation ratios, caused the mean annual change in yield to be slightly positive, although mean annual change in precipitation remains (slightly) negative. Although this does not occur with all GCMs (some expect a greater increase than others in the variance of precipitation), the increases in yield extremes with selected GCMs are sufficient to cause the multi-GCM mean changes in DQ versus DP to reveal this unexpected relation between the two.
2) VARIATION ACROSS FUTURES AND RELATIONS BETWEEN VARIABLES
Except for one future, CAN8.5, which is exceptionally wet and falls outside the range of the other futures, the futures fall into two groups based on the relation of change in precipitation (i.e., DP) to change in yield (i.e., DQ) across the CONUS from the 2000 period to the 2080 period (Fig. 9a) . Group 1 contains climate models that tend to project relatively cool and dry conditions (the BCC, GFDL, IPSL, and MPI models, eight futures in total), and group 2 contains models that tend to project relatively warm and wet conditions (the CAN, CSIRO, and MIROC models, six futures in total). (Of course, if other climate models had been included, they might not fall neatly within either group.) As shown in Fig. 9a , a 2-cm increase in P results in a 0 DQ for a group 1 model (GFDL8.5) but a 2.5-cm decrease in Q for a group 2 model (CSIRO4.5); maintaining 0 DQ for group 2 models requires about a 6-cm increase in P. Despite the difference in relation of DP to DQ, the multimodel projections of DQ do not differ for RCP4.5 (both subgroups, one of four futures and the other of three, project a mean decrease in CONUS yield of 0.9 cm yr 21 ). For RCP8.5 the subgroup mean projections do differ (21.2 cm yr 21 for group 1 vs 22.0 cm yr 21 for group 2), but the group 2 mean is based on only two climate models (the CAN8.5 future having been removed).
The two GCM groups evident in Fig. 9a are not distinguished in terms of the relation of change in mean T avg (DT) to DQ (Fig. 9b) , although the average DT of group 2 climate models (3.68C) is higher than the average DT of group 1 models (2.88C). Figure 9c confirms that group 2 models tend to project warmer and wetter conditions than group 1 models, but it also shows that two group 1 models (GFDL and MPI) with RCP8.5 are warmer for a given change in P than the other group 1 models.
Note that the clear grouping for the CONUS as a whole shown in Fig. 9a is not necessarily evident at a smaller scale. For example, consider results for the four WRRs (WRR 1, New England; WRR 10, Missouri; WRR 13, Rio Grande; and WRR 17, Pacific Northwest) in Fig. 10 . In each WRR the group 2 points tend to be shifted to the right in comparison with the group 1 points, but there is also substantial overlap, and the CAN8.5 point is not always far to the upper right.
3) SENSITIVITY OF CHANGE IN MEAN ANNUAL YIELD TO CHANGE IN MEAN ANNUAL PRECIPITATION AND TEMPERATURE
A linear regression of DQ on DP and DT, plus the interaction term DP 3 DT, for changes from the 2000 period to the 2080 period at the ASR scale indicates the overall impact of DP and DT on DQ. Including all futures and ASRs provides 5488 cases for the regression, which is highly significant, with an adjusted coefficient of determination R 2 of 0.57. Regression results (Table 8 ) confirm that higher levels of DT are associated with lower levels of DQ, whereas higher DP is associated with higher DQ. The negative interaction term indicates, as would be expected, that the increase in yield with a given increase in precipitation is less the larger the increase in temperature is, and the decrease in yield with a given increase in temperature is less the larger the increase in precipitation is (Fig. 11) . Region-and WRR-specific regressions produce coefficients that are in some cases quite different from the CONUS coefficients presented in Table 8 , but the signs are always the same. The differences in model coefficients between those of the CONUS and those of a region indicate differences in FIG. 7. Change in mean annual P and Q from the 2000 period to the 2080 period with RCP4.5 and RCP8.5, by ASR. Note that three points of .200 mm increase in precipitation, each with yield increases below the diagonal line, are not shown.
sensitivity of Q to changes in temperature and precipitation. In comparison with the CONUS as a whole, at projected mean changes in temperature and precipitation in the various regions, the following regional differences are noted: the Pacific Coast (WRRs 17 and 18) tends to be less sensitive to increases in temperature and more sensitive to increases in precipitation, the Great Plains (WRRs 10-12) and larger Southwest (WRRs 13-16) are less sensitive to increases in both temperature and precipitation, the south (WRRs 3, 6, and 8) and Midwest (WRRs 4, 5, 7, and 9) tend to be more sensitive to increases in temperature and less sensitive to increases in precipitation, and the Northeast (WRRs 1 and 2) does not tend to be much more or much less sensitive to changes in either temperature or precipitation. With change in mean annual evapotranspiration (DET) computed as DP 2 DQ (see the above discussion on computation of ET), linear regression of DET on DP and DT, plus the interaction term DP 3 DT, for changes from the 2000 period to the 2080 period at the ASR scale, of course produces results closely related to those for regression DQ on those same variables. The resulting coefficients of the intercept, DT, and DP 3 DT are identical to those of signs in the DET regression are positive) and the coefficient for DP is 1 minus that of Table 8 . The positive coefficient signs indicate that ET increases with increases in P and in T and that the increase in ET with a given increase in P is greater the larger the increase in T is. Of course, a sufficiently large decrease in P can offset the effect of an increase in T on the change in ET.
4) SENSITIVITY OF CHANGE IN MEAN ANNUAL SNOW WATER EQUIVALENT TO CHANGE IN MEAN ANNUAL PRECIPITATION AND
TEMPERATURE
Careful examination of the relation of SWE to temperature and precipitation reveals that SWE pm is more sensitive to T max than to T avg and, of course, most sensitive to T max and precipitation during the winter months of December-March (denoted here as T w max and P w , respectively). Regression of mean SWE pm on mean T w max and mean P w plus their interaction, using multi-GCM estimates for each of the five 20-yr time periods and two RCPs (RCP4.5 and RCP8.5), for the 40 ASRs shown in Fig. 3e , produces the model listed in Table 9 . The model is highly significant, with an adjusted R 2 of 0.60; remaining variation may be due to the effects of vegetation, wind, soil, and other factors, and possibly to nonlinear relations not captured in the regression. As seen in Fig. 12 , which illustrates the model, the greater T w max is, the less the effect of a given change in P w on SWE pm , and the greater P w is, the more is the effect of a given change in T Multimodel mean DQ as a function of DT and DP for the CONUS, based on a model using data for all four future time periods and RCP4.5 and RCP8.5.
SWE pm . For example, using the coefficients in Table 9 , at a T w max of 28C, a 1 mm increase in P w results in a 0.59 mm [i.e., 0.71-0.061(2)] increase in SWE pm , whereas at T w max of 48C, a 1 mm increase in P w results in only a 0.47 mm increase in SWE pm ; at a P w of 400 mm, a 18C increase in T w max results in an 18 mm [i.e., 6.26-0.061(400)] decrease in SWE pm , whereas at a P w of 600 mm, a 18C increase in T w max results in a 30 mm decrease in SWE pm . The projected increases in mean SWE pm from the 2000 period to future periods reported in section 3b(3) are perhaps unexpected, given the projected temperature increases. Based on multi-GCM averages, such increases are projected from the 2000 period to the 2020 period for 26 and 30 of the 40 more snow-dominated ASRs with RCP4.5 and RCP8.5, respectively. As temperatures continue to increase, SWE pm decreases in most areas; increases in SWE pm are projected from the 2000 period to the 2080 period for only 6 and 2 of the 40 ASRs with RCP4.5 and RCP8.5, respectively. Because temperatures are everywhere increasing from the 2000 period to any of the future periods, SWE pm may increase from the 2000 period to a future period, all else equal, only if winter precipitation increases sufficiently to overcome the influence of the temperature increase. Results for the 30 ASRs for which mean SWE pm is projected to increase from the 2000 period to the 2020 period, for example, are supportive of this reasoning. Across these 30 ASRs, the 2000 period mean SWE pm averages 107 mm and mean T w max and P w are 2.618C and 255 mm, respectively. Given the projected mean T w max in the 2020 period of 3.558C (a 0.958C increase), mean P w would, using the model of Table 9 , have to increase by more than 17.8 mm for mean SWE pm to exceed 107 mm. In fact, the mean projected increase in P w across the 30 ASRs is 20 mm. In contrast, among the 10 ASRs for which mean SWE pm is projected to decrease from 2000 to 2020, mean P w is projected to increase by only 6 mm (along with a mean increase in T w max of 0.918C).
Discussion
a. Temperature
For the CONUS as a whole and for each ASR, temperatures are projected to increase from 2000 to 2080, with temperatures increasing more for the RCP of higher radiative forcing. Temperature is projected to increase most in the northern and central Great Plains, in much of the Midwest, along the Great Lakes, and in northern New England. The smallest increase is expected in Florida. In addition, the variance of temperature is also projected to increase in most ASRs, with exceptions concentrated in the Northeast. These results are consistent with previous studies (e.g., Maloney et al. 2014; Meehl et al. 2012; Peacock 2012) .
b. Precipitation
As with temperature, mean annual precipitation is projected to eventually increase with most of the 14 futures. The GCM average of CONUS annual precipitation is projected to increase from 2000 to 2080 by about 3% with both RCP4.5 and RCP8.5. However, projections vary considerably, both in magnitude and spatial distribution, across models, time periods, and RCPs. The variance of precipitation is also projected to increase in most ASRs with most models, except for some ASRs in WRRs 1 and 2. As for temperature, these results are also consistent with previous studies (e.g., Maloney et al. 2014; Meehl et al. 2012; Peacock 2012) .
c. Water yield
For the CONUS as a whole, mean annual yield is projected to decrease with most of the 14 futures; only the CAN8.5 future exhibits a substantial increase. Averaging across climate models, CONUS average annual yield is projected to decrease from 2000 to 2080 by 4% with both RCP4.5 and RCP8.5. Averaging across GCMs, with both RCPs water yield decreases are projected for about two-thirds of the ASRs, and in most of as a function of T max and P for the winter months (December-March), based on a model using data for all five time periods and RCP4.5 and RCP8.5. Note that the figure is truncated at P w of 1200 mm, which is roughly the max among the 40 ASRs.
these basins the decrease in yield occurs despite an increase in precipitation, because mean annual evapotranspiration is rising more than precipitation. The largest percentage decreases in mean annual yield are projected to occur in WRRs 11, 12, 13, and 15 with both RCPs. The largest percentage increases in mean annual yield are projected to occur in WRRs 6, 16, and 17 for RCP4.5, and in WRRs 16, 17, and 18 for RCP8.5. However, not all models are in agreement, and the discrepancies in yield among climate models can be substantial. The variance of yield increases from the 2000 period to the 2080 period in about half of the ASRs. Finally, future yield decreases are concentrated in the summer months, especially July, and future yield increases are concentrated in the winter, especially February.
As the following three examples indicate, most other studies using VIC to estimate water yield obtained results that generally agree with ours. Based on flow data for the period of 1915-2003, Andreadis and Lettenmaier (2006) reported an increasing trend in runoff over much of the United States, with a few decreasing trends in parts of the Southwest for the latter half of the twentieth century. Cayan et al. (2008) , based on data for 12 CMIP3 GCMs, reported increases in drought in the southwestern United States, including California, the Great Basin, and Colorado regions over the twenty-first century in comparison to a historical period . Similarly, Christensen and Lettenmaier (2007) using data from 11 CMIP3 GCMs for the same future period projected a consistent decrease in yield for the Colorado River basin over the twenty-first century in comparison to the historical period . Like us, all these studies used statistically downscaled climate data. In contrast, a recent paper by Naz et al. (2016) , which used dynamically downscaled climate data from 10 CMIP5 GCMs with VIC, found decreases in water yield for parts of the western (e.g., WRRs 17 and 18) and eastern (e.g., WRRs 1 and 2) regions, especially in spring and summer (when flow is high), and increases in water yield for the central United States (e.g., WRRs 4, 7, 8, 9, 10, 11 12 and13) in all four seasons for 2011-50 relative to 1966-2005 under the RCP8.5 emission scenario. These results are very different from ours, as we project decreases in water yield in the majority of the ASRs in the central United States and increases in water yield in the majority of ASRs in the western region. In the eastern region, our study also showed decreases in water yields. These differences in yield projections are mainly caused by the dynamically downscaled precipitation data that Naz et al. used; those data are very different from our statistically downscaled precipitation data. The differences in precipitation could have resulted in part from differences in GCMs and time periods used in the two studies.
d. Snow water equivalent
For most of the futures, the peak monthly SWE is projected to eventually decrease in most ASRs. In ASRs receiving the most snow, peak monthly SWE is projected to occur a month or two earlier by 2080 than it has in the recent past. Averaged across all models for RCP8.5, the average peak monthly SWE across the ASRs that receive the most snow is projected to decrease by about 22%. An earlier peak monthly SWE is likely to result in earlier snowmelt, which may lead to higher spring (March-May) flows and lower early summer flows. These results agree with previous studies (e.g., Cayan et al. 2010; Christensen and Lettenmaier 2007; Milly et al. 2005; Seager et al. 2007 ). Naz et al. (2016) also report an over 20% decrease in peak SWE across the CONUS, though the climate models they used were different from the models we used.
e. Relations among changes in precipitation, temperature, and yield
With respect to the relation of the change in precipitation to the change in yield, the projections fall into two groups: one contains climate models that tend to project relatively cool and dry conditions (the BCC, GFDL, IPSL, and MPI models, eight futures in total), whereas the other contains models that tend to project relatively warm and wet conditions (the CAN, CSIRO, and MIROC models, six futures in total). However, this grouping, while evident for the CONUS as a whole, is not always present at a smaller spatial scale. Finally, no obvious grouping of models appeared regarding the relation of the change in temperature to the change in yield.
Despite the differences between these two groups of GCMs in how they project temperature and precipitation, projections of yield from the two groups are remarkably similar, especially for RCP4.5, where the multi-GCM-based estimates of change in CONUS yield are both 20.9 cm yr
21
. In other words, the temperature increase that accompanies the projected precipitation increase with the relatively warmer and wetter GCMs, for the CONUS as a whole, tends to completely remove the advantage of the precipitation increase, relative to the cooler and drier GCM-based estimates of yield.
f. Model calibration and uncertainty
Large uncertainties remain about our estimates of future yield and SWE. Such uncertainties exist because of potential errors in the historical climate data, model structures, downscaling technique, etc. (Chen et al. 2011; Wilby 2005; Wilby and Dessai 2010; Wilby et al. 2009 ). Understanding the relative magnitudes of uncertainty in
the projections of key variables is important for adaptation planning, but challenging because it requires analyses of uncertainties affecting all aspects of climate and hydrological modeling (e.g., Graham et al. 2007 ). Performing a detailed uncertainty analysis was beyond the scope of this study, but discussion of the uncertainties is warranted. Accepting the structure of VIC as valid, three major potential sources of error in estimates of future yield and SWE remain: 1) inadequate VIC calibration process, 2) inaccurate observed flows used for VIC calibration, and 3) inaccurate estimates of future climatic conditions. Regarding the third potential source of error, because the future is inherently uncertain, it is common practice to use several different sets of climatic projections-thus the 14 different futures used here. But what of the first two potential sources, which deal with representing past states?
Because of differences between our observed yields and our initial VIC-simulated yields, we recalibrated the model by adjusting one parameter (soil depth) to which yield was particularly sensitive. However, even with the recalibration, substantial mean differences and low correlations remained for some ASRs, especially in parts of the Colorado River basin (WRRs 14 and 15), upper reaches of the Columbia River basin (WRR 17), and Great Lakes drainage basin (WRR 9). A more involved calibration process may have achieved better results. For example, our testing indicated also varying parameters such as maximum base flow that can occur from the third soil layer D m and fraction of the maximum soil moisture of the third soil layer where nonlinear base flow occurs W s might have improved the calibration. Further, use of routing component and its calibration could have improved the timing of the hydrograph. However, the success achieved by Oubeidillah et al. (2014) , who performed a VIC calibration of several model parameters at a very fine (;4 km) resolution, suggests that the improvement might not have been substantial. Even with their more comprehensive approach, Oubeidillah et al. found very poor correlations for some regions (e.g., R 2 of 0.34 for the upper Colorado River basin and 0.16 for the lower Colorado River basin). [Using the same data, Naz et al. (2016) later improved the overall calibration for the entire United States, but they did not report the correlations for the western regions.]
The calibration process relies critically on accurate estimates of observed flows (and/or snow amounts). Where upstream conditions were relatively pristine, our observed flows are likely to be quite accurate, but where upstream diversions or groundwater pumping were common and flow reconstruction was needed, substantial uncertainty remains about our observed flows. Those areas generally correspond with ones where resulting correlations between simulated and observed flows were low, tending to reinforce the conclusion that the yield projections for those areas are less reliable. However, it should be remembered that estimates of changes in yield from one time period to the next can be quite accurate even when the individual estimates are subject to a consistent bias.
Conclusions
At large scales in space (CONUS) and time (annual), all of the CMIP5/RCP futures examined are in agreement about projected changes in the mean and the variance of temperature and precipitation-all futures examined project a climate that will be warmer and more pluvial, as well as more variable. Importantly, despite this projected increase in mean precipitation, our hydrologic simulations indicate that at these large scales, mean yield will decrease, implying that mean evapotranspiration will increase more than the projected increase in mean precipitation. As noted in Foti et al. (2012) and Foti et al. (2014) , the vulnerability of water supply systems to shortages depends not only on changes of the mean of water supply (i.e., managed water yield) and demand but also on the changes of their respective variances. The above annual projections at the ASR scale indicate that the vulnerability of the CONUS water supply to shortage, that is, the probability that water supply will be insufficient to meet the demand, will increase even if demand were to remain constant.
At smaller scales in space, there often is substantial disagreement among the models, even at the annual time scale, with respect to changes of both the mean and the variance of precipitation and temperature, and therefore yield. This disagreement will affect not only estimates of the vulnerability of the water supply systems to shortage at these smaller scales, but also estimates of the likelihood of occurrence of extreme events like floods and droughts, which tend to cause high levels of economic and human losses and whose occurrence is governed in great part by the variance of precipitation and yield. More importantly, any adaptation decision to mitigate the impacts of such changes in the mean and variance of the hydroclimatic variables must be made at smaller spatial and temporal scales, precisely the scales at which there is a general lack of agreement among the climate models examined. This disagreement calls for renewed efforts to improve our climate-hydrology models. In the meantime, alternative procedures must be devised so that adaptation and mitigation decisions can be made that account for this large model uncertainty.
